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ABSTRACT 
The Rotary Wing Ship Suitability Branch of the Naval Air Warfare Center 
Aircraft Division, Patuxent River Maryland, has been testing the handling qualities of 
Naval helicopters in the shipboard environment for over 30 years.  As a result of this 
shipboard testing, operational envelopes are developed that determine the conditions 
under which safe and repeatable helicopter operations can be conducted aboard ship.  
Historically aircraft configuration and loading have not been rigorously controlled during 
shipboard testing.  Due to recent increases in the gross weight and center of gravity 
envelope of the U.S. Navy’s newest variant of the Sikorsky H-60, there is an emerging 
requirement to evaluate this aircraft’s loading effects more rigorously.   
This thesis investigates the effects of aircraft loading (gross weight and center of 
gravity) on H-60 shipboard limitations.  Presented is an analysis of effects aircraft 
loading has on handling qualities, control margins, power margins, and field of view.  
From these analyses, a method is proposed for controlling aircraft gross weight and 
center of gravity during shipboard testing that insures the most adverse conditions are 
tested.   
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CHAPTER I 
INTRODUCTION 
Objective 
The objective of this thesis is to present and defend a method of controlling 
aircraft gross weight and center of gravity to improve the efficiency of shipboard flight 
testing.  Presented will be a brief overview of the existing flight test methods used to 
develop helicopter shipboard launch and recovery envelopes followed by the author’s 
investigation on how aircraft loading can affect the results for H-60 helicopters.  Finally a 
method will be proposed for controlling aircraft loading during the course of a flight test 
that improves the quality of data gathered.  The analyses presented in this thesis were 
developed specifically for the H-60 family of helicopters, but similar analyses could be 
applied to other aircraft types. 
Background 
The United States Navy has used the helicopter for many essential missions since 
the 1950s.  The helicopter’s ability to hover and fly at low airspeed permits landing and 
takeoff from a large number of naval vessels too small to support fixed wing aviation.  
The navy has used this ability to land aboard ship to support a variety of missions 
including:  Logistics, Medical Evacuation, Airborne Surveillance, Vertical 
Replenishment, Amphibious Assault, and ever increasingly Maritime Interdiction 
Operations since the first shipboard landing of a Sikorsky SR-4 aboard SS BUNKER 
HILL in May of 1943 (Figure A-1)1.   
Regardless of the mission, most operations require the helicopter to either land or 
takeoff from a ship.  Many pilots find the task of landing aboard a ship similar to but 
significantly more challenging than a typical landing on land.  The movement of the ship 
coupled with the confined area in which the helicopter must land can increase a pilot’s 
workload to unsafe levels.  On most ships flight operations can be conducted with as little 
as five feet of clearance between the rotor and a hangar (Bulletin 1J, 2003 pg. 12).  Even 
on larger amphibious assault ships with multiple landing spots, the clearances between 
aircraft may be less than fifteen feet (Bulletin 1B, 1999, pg. 13).  High-gain precise 
landing tasks are not foreign to helicopter pilots. It is precisely those skills that enable 
routine rooftop landings and heroic rescues.  Compound a challenging landing with a 
pitching, rolling landing zone and the turbulent wind generated by the ship as it travels 
through the water, and one can begin to see how many pilots consider the shipboard 
landing one of the most demanding tasks. 
As helicopter operations aboard ship increased during the Vietnam War, the US 
Navy began testing to improve the safety of shipboard takeoff and landing.  The Chief of 
Naval Operations assigned the authority to: “Establish responsibilities, procedures, and 
technical guidelines for mandatory facility and operating envelope certifications based on 
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three distinct types of afloat” to the Naval Air Systems Command (NAVAIR) 
(OPNAVINST 3120.28B, 1991, pg. 2).  NAVAIR started testing to evaluate improved 
shipboard markings and lighting designs.  The designs were developed to improve the 
visual cue environment thus reducing the effort required to complete the task.  The results 
of these tests help shape the standardized markings and lighting developed by the US 
Navy defined in Air Capable Ship Aviation Facilities (Bulletin 1J, 2003) and Amphibious 
Assault Ship Aviation Facilities (Bulletin 1B, 1999).  Testing also investigated the effects 
of relative wind2 and ship motion on the effort required to takeoff and land aboard ship.  
These results eventually led to relative wind over the deck and ship pitch and roll 
limitations.  The US Navy has made the adherence to these limitations “Launch and 
Recovery Envelopes” mandatory.  The testing that generates these limitations has been 
conducted by the Rotary Wing Ship Suitability branch of the Naval Air Warfare Center, 
Patuxent River MD since the first test aboard USS PREBLE in 1972, (FT-15R-73, 1973).  
Testing to define the shipboard operational limitations has acquired the term “Dynamic 
Interface (DI)” testing, a term used throughout many English speaking nations including 
Australia, Canada, and the United Kingdom.   
Shipboard Landing Tasks 
Shipboard operations can be roughly categorized into two types of landing tasks: 
the single-spot landing tasks and multi-spot landing tasks.  Both tasks must be performed 
under a varying severity of ship motion and relative wind.  Each class of ship has a 
unique airwake for each landing spot.  The airwake may even differ within a given class 
if significant modifications have been made to the ship geometry.  The ship motion 
characteristics are also unique to each individual ship class.  
Single-Spot launch and recovery operations are governed by the procedures set 
forth in Helicopter Operating Procedures for Air-Capable Ships NATOPS Manual, 
NAVAIR 00-80T-122 (NAVAIR 00-80T-122, 2003).  The single-spot landing task is 
characterized by a decelerating approach to the ship followed by a vertical landing once 
the rotorcraft has maintained a stable hover over the spot.  During day Visual 
Meteorological Conditions (VMC), the pilot flies the approach along the marked lineup.  
During night approaches that are not aided by Night Vision Devices (NVD) the approach 
is extended to approximately one mile and is flown using a 4° glide-slope.  Visual aids 
and spot markings consist of an approach/lineup-line, a 24 ft landing circle, and landing 
area perimeter markings as presented in Figure A-2.  The lineup line defines the approach 
path and can be oriented anywhere from 0° to ±90° relative to the ships bow.  The lineup 
line is also lit for night use and is usually extended above and below the flight deck to 
provided additional cueing.  The 24 ft landing circle marks the landing area and 
guaranties 5 ft of obstacle clearance from any part of the rotorcraft as long as the main 
landing gear are within the circle.  The peripheral markings define the area that should be 
clear of obstructions to allow personnel free mobility to quickly secure the rotorcraft to 
the flight deck following a landing. Some ships have an additional Stabilized Horizon Bar 
that display an artificial horizon to the pilots so they can make a better assessment of ship 
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2 Relative wind is the vector sum of the ambient (true) wind and the wind generated by the ship velocity.  
Relative wind is used since it is the wind velocity (airspeed) seen by the helicopter. 
  
motion once they are in a hover over the landing spot and the ship superstructure blocks a 
natural view of the horizon.  Many of the ships governed by NAVAIR 00-80T-122 
actually have two landing spots, but because each spot is operated like a single-spot they 
are still considered “single-spot” ships.  The USS AUSTIN Landing Platform Dock (LPD 
4) class operates two main landing spots like a single-spot ship and four expanded 
capability spots similar to the multi-spot amphibious assault ships. 
Multi-Spot launch and recovery operations are governed by the procedures set 
forth in either LHA/LHD NATOPS Manual, (NAVAIR 00-80T-106, 2002) or CV NATOPS 
Manual, (NAVAIR 00-80T-105, 2004).  The multi-spot landing task is characterized by a 
decelerating approach along a 45 degree lineup line that terminates in a slide maneuver. 
The transition across the edge of the flight deck to the landing spot is performed with a 
coordinated pedal turn to align the rotorcraft forward and aft.  LHA and LHD spot 
markings consist of a lateral lineup line, approach line, longitudinal lineup line, and 
wheel spot markings.  The markings are arranged in a “Crows Foot” pattern as depicted 
in Figure A-3. The Crows Foot landing spots were developed to provide sufficient lateral 
and longitudinal alignment cues and the wheel spots were positioned to provide sufficient 
clearance between other rotorcraft operating simultaneously on the flight deck.  
Operations aboard aircraft carriers are conducted in a similar fashion, but the spots are 
spaced further apart with only a 2 ft diameter numbered circle used to identify the landing 
area. 
The shipboard environment can increase pilot workload during a landing or 
takeoff to unsafe levels.  This usually occurs when the relative wind speed and direction 
is within the sideward and rearward flight envelope of a helicopter.  Helicopter sideward 
and rearward airspeed limits can be defined by land based low airspeed3 testing and work 
well for the operations encountered land based.  These results may not adequately 
represent the workload encountered in real life situations like operating on a pinnacle, or 
around trees and buildings, but they have proven to be effective given the frequency of 
encountering extreme conditions land based.  Shipboard testing has repeatedly 
demonstrated the opposite.  Relative wind speeds and directions within the sideward 
flight limits of many helicopters have proven to be unsatisfactory for routine operations 
aboard ship.   
There are four primary factors that increase the difficulty of shipboard landings 
and takeoffs: visual cues, landing tolerances, ship motion, and ship air wake.  During the 
approach and landing phase, a helicopter pilot is presented with various sight pictures.  
Typical sight pictures are presented in Figure A-4 for a single-spot ship and Figure A-5 
for a large multi-spot ship.  At a distance, the flight deck markings are not visible and 
pilots will typically rely on aircraft instruments (airspeed and altitude) in addition to a 
stabilized glide slope indicator4 (SGSI).  Approach line markings provide increasingly 
                                                 
3 Low airspeed testing is typically conducted flying the helicopter relative to a pace vehicle in calm winds.  
This is repeated for representative aircraft configurations while control positions and handling qualities are 
monitored (USNTPS FTM No. 107, 1995, pg 8.70). 
 3 
4 The Stabilized Glide Slope Indicator is a light device that projects a three-color beam along the ships 
approach path.  If the aircraft is above glide path the pilot will see green, within 1 degree of glidpath 
orange, and below glide path red (NAVAIR 00-80T-122, 2003, pg. 4-8). 
  
more cues as the aircraft approaches the spot.  A significant amount of position 
information is also gained from the ship.  The texture of the flight deck, outline of the 
superstructure, hatches, portholes, and antenna all add to the Useable Cue Environment 
(UCE).  This UCE has been quantified using techniques defined in Handling Qualities 
Requirements for Military Rotorcraft, Aeronautical Design Standard, Performance 
Specification, ADS-33E-PRF (ADS-33E, 2000, pg. 6).  The first quantification of 
shipboard UCE was conducted in a simulator (Williams, 1997).  Results indicated that a 
large aircraft carrier had the best usable cue environment; UCE of 15 (Figure A-6), while 
the cue environment of all other ships tested in the simulator, was slightly less at UCE 2 
(Williams, 1997).  This was the first quantitative data to back up what most helicopter 
pilots will affirm. The cueing environment aboard some ships is worse than that on a 
typical airfield, which received a UCE of 1.  The Joint Shipboard Helicopter Integration 
Process (JSHIP) quantified the UCE of a LHA class ship (OSD/JSHIP-TRPT-D1A-OPS-
02/2001, 2001 pp 10-13) using ADS-33E mission task elements modified for large ships 
(Catorie, 2003).  This was the first flight test attempt at quantifying the usable cue 
environment of an actual ship.  Results again indicated a degraded cueing environment, 
with night receiving a UCE of 3 in some instances (Figure A-7).  The visual cues 
available to the pilot are degraded aboard ship and can contribute to the difficulty of the 
landing task.  It is possible that the smaller size and increased ship motion of the smaller 
ships could reduce the visual cues further.  Tight landing tolerances require more precise 
control over the helicopter that in turn, increases the frequency and magnitude of control 
inputs.  Ship motion moves the frame of reference amplifying the effects created by the 
tight landing tolerance and degraded visual cue environment.  Finally the ship air wake 
feeds back into the control loop by applying external forces that alter the rotor’s response 
to control inputs.   
Shipboard Launch and Recovery “Dynamic Interface” Testing 
Launch and recovery envelopes require a considerable amount of empirical data 
and must be generated for each specific rotorcraft, ship class, and landing location (spot).  
This makes launch and recovery envelope development costly.  The large matrix of 
combinations that result from the 7 different aircraft types and over 12 classes of ships is 
daunting and has not been completed to date.  This leaves many rotorcraft and ship 
combinations untested and only authorized to operate in a conservative general launch 
and recovery envelope.  The general envelope for air-capable6 ships is presented in 
Figure A-8 and is comprised of a subset of conditions that, over the years, have been 
acceptable for all combinations of ship and rotorcraft tested. A slightly larger general 
envelope is presented in Figure A-9 that is used for multi-spot Amphibious Assault Ships 
(LHA & LHD) and Aircraft Carriers (CV & CVN).  In order to decrease the time and 
cost associated with developing launch and recovery envelopes, many organizations have 
embarked on efforts to increase the fidelity of current shipboard simulation capabilities.  
                                                 
5 Usable Cue Environment ratings are assigned a scale of 1 through 3.  One being the best based on ratings 
assigned for horizontal and translational rate cueing while conducting defined maneuvers (ADS-33E, 2000, 
PG. 6). 
 4 
6 Air-capable ships comprise all ships certified to operate with rotorcraft with the exception of the 
amphibious assault ships (LHA & LHD) and the aircraft carriers (CV &CVN). 
  
Unfortunately flight test is currently the only method approved to generate launch and 
recovery envelopes.   
Of the four primary factors that affect the shipboard landing task (visual cues, 
landing tolerances, ship motion, and ship air wake), only landing tolerances are constant 
for a specific ship, aircraft, and spot combination.  The visual cues are affected by aircraft 
attitude.  The ship’s course and speed relative to the magnitude and direction of sea 
swells and wind driven waves determines the ship’s pitch and roll motion.  Since defining 
and testing the myriad of possible combinations is impossible, a launch and recovery 
envelope defines ship motion limits in terms of maximum ship pitch and roll angle.  Ship 
air wake is a function of the relative wind over the deck and is the primary control 
variable used to determine a launch and recovery envelope.  With the exception of the 
large CV, CVN, LHA, and LHD class ships that exhibit large period small amplitude 
motion, launch and recovery envelopes define the acceptable wind over deck and ship 
motion conditions.  A hypothetical launch and recovery envelope is presented in Figure 
A-10. For a launch and recovery envelope to be approved the following must be true:  
1. The visual cues and landing tolerances are satisfactory. 
2. The wind over deck and ship motion result conditions authorized in 
acceptable handling qualities. 
3. Ten percent control authority is assured in all axes. 
4. Areas of the envelope that result in excessive power requirements are 
identified. 
The methods used to conduct Dynamic Interface tests have evolved since the first 
test in 1972 and are generally captured in the Dynamic Interface Test Manual (DI 
Manual, 1998).  The guidelines set fourth in the test manual are tailored and modified to 
the unique test objectives of a specific at sea test through a test planning process.  
Relative Wind Over Deck (WOD) is used as the controlling variable for launch and 
recovery envelope development.  For safety, WOD conditions are tested by 
systematically increasing to more severe conditions.  To develop an envelope pilots 
conduct a launch and a recovery at a specific spot, approach, and WOD condition.  
Handling qualities are evaluated for each launch and recovery and rated from one to five 
using the Deck Interface Pilot Effort Scale (DIPES) Figure A-11.  Because the launch 
and recovery task is multi-axis, the DIPES scale is used instead of the Cooper-Harper 
Handling Qualities Rating (HQR) scale (Figure A-12) that is typical used for evaluating 
handling qualities (Cooper & Harper, 1969).  A four point Pilot Rating Scale (PRS) scale 
was developed specifically for shipboard launch and recovery testing that was based on 
the four levels of handling qualities associated with the HQR scale (Long, 1997).  PRS 
was used until 2000 when NAVAIR adopted the five point DIPES scale developed by 
The Technical cooperation Program (TTCP), an international collaboration between 
Australia, Canada, United Kingdom and United States of America.  If the conditions are 
acceptable for fleet use (DIPES 1 through 3), the ship is maneuvered to evaluate a 
different WOD condition.  For safety WOD conditions must start within those previously 
tested or within the general envelope.  Test progression from one point to the next must 
also not exceed a direction change of more than 15° or a speed change of more than 5 
 5 
  
knots, nor can WOD speed and direction be increased simultaneously.  For this reason, 
the most efficient method is to increase WOD speed then test WOD directions either to 
port (left) or starboard (right). A hypothetical test progression is presented in Figure A-
13.  Since the ship motion cannot be controlled directly, it is evaluated as encountered.  
The aircraft is configured to be fleet representative and refueled as necessary throughout 
the course of test, however, the configuration and loading is rarely controlled. 
Aircraft Description 
General 
The navy has designated the H-60 to be its only helicopter in the near future.  For 
this reason, the author chose to develop new test techniques specifically for the family of 
H-60 aircraft.  Therefore, a basic description of the H-60 aircraft is in order.   
The H-60 family of helicopters originated from the U.S. Army request for 
proposal for the Utility Tactical Transport Aircraft System (UTTAS) in January 1972.  In 
December 1976, Sikorsky Aircraft Corporation was announced the winner of the UTTAS 
competition.  The UTTAS aircraft was named Blackhawk in September 1977 and the 
maiden flight of first production UH-60A aircraft occurred in October 1978, exactly four 
years from the first flight of the Sikorsky prototype.  During the UTTAS competition the 
U.S. Navy conducted a shipboard evaluation of the UH-60A (Figure A-14) and in 
February 1978, authorized full-scale development of the SH-60B Seahawk Anti-
Submarine Warfare (ASW) helicopter with the Light Airborne Multipurpose System 
(LAMPS) MK III Mission Equipment Package.  The SH-60B prototype first flew in 
December 1979 and the first production aircraft flew in February 1983.  From these first 
two aircraft a lineage has evolved (Figure A-15).  Today’s newest models are the 
UH-60M, MH-60R, and MH-60S.   
The family of H-60 military aircraft is characterized as dual piloted, twin turbine 
powered, single main rotor helicopters.  The power plant is composed of two General 
Electric T700 series turboshaft engines operating in parallel, which drive a four-bladed, 
fully articulated main rotor and a 20° canted tail rotor.  The tail rotor consists of two 
cross beams resulting in a hinge-less tail rotor where blade lead-lag, flapping, and pitch 
accommodated through blade deformation.  With the exception of the baseline UH-60A, 
UH-60L, and UH-60Q, a foldable constant chord stabilator is provided for all other H-60 
variants.  The landing gear system is non-retractable, and consists of two forward main 
gear assemblies and an aft tailwheel assembly.  The SH-60B, SH-60F, HH-60H, HH-60J, 
and MH-60R have a 15 ft 6 in wheelbase while all others have a 29 ft wheelbase (Catoire, 
Collier, Cooley, & Slade, 2003).  A basic dimensional drawing of the UH-60A is 
presented in Figure A-16. 
Flight Controls 
All H-60 variants incorporate a hydraulically boosted irreversible mechanical 
flight control system that provides longitudinal, lateral, yaw, and vertical control of the 
aircraft.  A cyclic stick, collective stick, and pedals are installed in both the pilot and co-
pilot stations.  These controls are connected to the main and tail rotor blades via 
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mechanical linkages, cables, and bell-cranks.  A mechanical mixing unit is incorporated 
to reduce the affects of aerodynamic coupling.  Three redundant hydraulic systems are 
installed to provide all flight control forces.  Trim servos are installed to provide force 
feel to the cockpit cyclic and pedal controls.  Automatic Flight Control System (AFCS) 
consisting of two Stability Augmentation Systems (SAS), electric trim, and an automatic 
stabilator are installed to enhance the flying qualities of the H-60.  The baseline UH-60A, 
UH-60L, UH-60G, and UH-60Q are equipped with a Flight Path Stabilization (FPS) 
AFCS that incorporates two analog SAS systems SAS1 and SAS2.  The SH-60B, 
SH-60F, HH-60H, HH-60J, MH-60K, MH-60R, and MH-60S share similar Digital 
Automatic flight control system (DAFCS) architecture that incorporates an analog SAS 
(SAS 1) and digital SAS (SAS 2).  Figure A-17 contains a component description of 
typical H-60 flight controls. 
The controls are rigged to enable either the pilot or the copilot to make aircraft 
control inputs. Movement of any of the pilot’s controls will cause movement of the 
corresponding copilots control.  Movement of any of the copilot’s controls will in turn 
cause motion of the corresponding pilot control.   
Cyclic Stick 
The cyclic stick is mechanically connected to the longitudinal primary servo 
through a series of connecting rods and bellcranks.  Longitudinal movements of the 
cyclic have to overcome the force exerted by a spring unit prior moving the pitch boost 
servo.  An electrical pitch trim servo is designed to adjust the spring force to move the 
cyclic through its entire longitudinal range.  A pitch boost servo is designed to decrease 
control forces and is physically incorporated with the trim servo and force spring in the 
pitch/trim actuator.  Longitudinal SAS inputs from SAS 1 and SAS 2 are added to the 
pitch/trim actuator output. SAS inputs are added without moving the cyclic or modifying 
trim forces.  The combined longitudinal SAS and cyclic inputs are fed to the mixing unit 
where the majority of the input is passed to the longitudinal primary servo.  The 
longitudinal primary servo moves the swashplate to provide longitudinal (pitch) control 
of the aircraft. 
The cyclic stick is also mechanically connected to lateral primary servo through a 
series connecting rods and bellcranks. Prior to the mixing unit, inputs have to overcome 
the force exerted by the electrical lateral trim actuator.  The lateral trim actuator is 
designed to move the cyclic throughout its entire lateral range.  After the trim actuator, 
SAS inputs from SAS 1 and SAS 2are added to the cyclic stick input.  SAS inputs are 
added without moving the cyclic or modifying trim forces.  The combined lateral SAS 
and cyclic inputs are fed to the mixing unit where the majority of the input passes to the 
lateral primary servo.  The lateral primary servo moves the swashplate to provide lateral 
(roll) control of the aircraft. 
Collective Stick 
The collective stick is mechanically connected to the mixing unit through a series 
of connecting rods and bellcranks.  Movements of the cyclic are input to the collective 
boost servo that provides the control forces necessary to overcome control friction and 
forces.  The collective boost servo was reversible to allow collective inputs to be made to 
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the mixing unit in case of a failure.  Output of the collective boost servo is fed to the 
mixing unit where the necessary inputs are made to the primary servos to move the 
swashplate and provide collective pitch (main rotor thrust) control of the aircraft.  The 
mixing unit also transfers collective inputs to the tail rotor servo to provide collective 
pitch (tail rotor thrust). 
Pedal Controls 
The pedals are mechanically connected to the tail rotor servo through a series of 
connecting rods, bellcranks, and cables.  An electrical tail rotor pitch trim servo is 
designed to move the pedals through their entire range and provide damping.  Micro 
switches on the pedals electrically release the trim actuator when pedal force is applied. 
A yaw boost servo is designed to decrease control forces.  SAS inputs from SAS 1 and 
SAS 2 are added to the pedal input.  SAS inputs are added without moving the pedals or 
modifying trim forces.  The boosted pedal and SAS inputs are fed to the mixing unit 
where they are transferred to the tail rotor servo by two cables and the tail rotor quadrant 
which provides yaw (tail rotor thrust) control of the aircraft.  As more powerful engines 
and transmissions were installed in the H-60 variants, the rigging of the tail rotor has 
been changed.  Original UH-60A rigging produced +/- 15° of blade angle at the root.  
Some H-60 aircraft have received a 1.5° bias to the left and others have been rigged for a 
3.0° bias to the left.  This was done to improve the directional control margin at high 
gross weight while sacrificing right margin at the low gross weight.  This compromise 
becomes more acceptable as the base aircraft gross weight increases.  Boosted pedal and 
SAS inputs are also routed to the primary servos and swashplate by the mixing unit. 
Mechanical Mixing Unit 
The mechanical mixing unit was designed to compensate for aerodynamic control 
coupling at the design gross weight of the original UH-60A (16,825 lb).  Above 16,825 
lbs the flight controls are under mixed and below 16,825 lb they are over mixed.  Mixing 
unit part number differences and differences in total tail rotor throw may indicate that the 
mixing laws are not identical for the all H-60 variants.  The mixing laws are a closely 
guarded trade secret of Sikorsky but the author has seen enough evidence that future 
investigation may be warranted.  The mechanical mixing provided by the mixing unit 
consists of the following: collective to longitudinal, collective to lateral, collective to 
yaw, and directional to longitudinal.  Some variants also include electrical collective to 
yaw mixing through the yaw trim servo, but this feature is deactivated with activation of 
the micro switches on the pedals and not active during a shipboard launch or recovery.  
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CHAPTER II 
AIRCRAFT LOADING EFFECTS 
ON SHIPBOARD TEST RESULTS  
General 
Before it is possible to improve shipboard flight-testing by controlling gross 
weight (GW) and center of gravity (CG), an investigation must be conducted of how 
these terms affect the shipboard launch and recovery task and the development of a 
shipboard launch and recovery envelope.  Currently aircraft loading, specifically GW and 
CG, is not controlled during the course of a DI test.  In addition to the obvious effects 
GW has on power margin, the author has found evidence that aircraft loading can also 
have an effect on control margins, handling qualities, and field of view aboard ship, all of 
which can have a direct effect on the validity of a shipboard launch and recovery 
envelope.  While supporting the Joint Shipboard Helicopter Integration Process (JSHIP), 
the author worked in collaboration with Catoire, Slade, and Cooley to determine the 
extent to which shipboard Dynamic Interface data from one variant of H-60 could be 
used to develop an envelope for a different variant.  Results of that effort are published in 
Multi-Service H-60 Similarity Analysis for Shipboard Launch/Recovery Envelopes 
Aboard U.S. Navy Ships (Catoire, Collier, Cooley, & Slade, 2003).  As part of the H-60 
similarity analysis, low airspeed trimmed flight control data from different variants were 
compared.  It was during this analysis the author began to notice that it was loading vice 
aircraft type that had the biggest influence on control positions, a key observation that 
eventually led to the recommendation that all H-60 variants could be considered 
equivalent for the purposes of shipboard launch and recovery envelope development.  
This thesis will dig deeper into the relationships GW and CG have on the shipboard 
landing task in order to better understand how that knowledge can be used to improve the 
efficiency of shipboard flight test.   
Effects on Control Margins 
For a wind over deck condition to be included in a launch and recovery envelope, 
it must result in control margins of at least 10%, regardless of acceptable handling 
qualities, field of view, landing tolerances, or power margin.  Evaluation of control 
margins is typically done by measurement of the cyclic and pedal controls.  The 
minimum values are estimated by the copilot during a landing or takeoff.  Occasionally 
instrumentation is installed for more precise measurement when conditions are known to 
result in less than 10% control remaining.  Since instrumentation is expensive and 
requires dedicated assets, instrumentation is rarely used because it complicates test 
planning.  Fortunately, the plethora of low airspeed data gathered for the JSHIP H-60 
similarity study (Catoire et al., 2003) can be used to predict the conditions that will likely 
result in insufficient control margin.  The data contained in the JSHIP H-60 similarity 
study are sensitive and therefore cannot be presented in this thesis, therefore only the 
trends and relationships are discussed.  The relationships and trending information 
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contained in the JSHIP H-60 similarity study is presented in Figure A-18 and Figure A-
19. 
Longitudinal Control Margin 
By studying the longitudinal cyclic control position necessary for trimmed 
forward and aft flight (Catoire et al., 2003, pg. D-42), it becomes apparent that more 
forward cyclic is required for increasing forward velocity and increasing aft cyclic is 
required for increasing rearward velocity, the expected relationship for a stable 
helicopter.  Longitudinal cyclic required for trimmed flight never approaches a forward 
or aft margin throughout the range of wind over deck velocities typically encountered 
during shipboard landings (15 knots of tailwind to 50 knots of headwind).  The smallest 
margin is for aft cyclic (20% remaining) and occurs in rearward flight when the CG is at 
the aft most limit.  Center of gravity actually has a greater influence on longitudinal 
cyclic position than airspeed in the low airspeed environment indicating CG may have a 
greater effect on longitudinal cyclic position than WOD during a shipboard launch or 
recovery.   
Since the H-60 main rotor is fully articulated, it has some effective hinge offset 
(e) that results in coupling of the controls.  The H-60 mixes control inputs via the 
mechanical mixing unit, but longitudinal cyclic still has a greater relationship with 
sideward velocity than forward/aft airspeed.  Increasing aft cyclic is required for 
increasing left velocity and increasing forward cyclic is required for increasing right 
velocity.  The smallest longitudinal cyclic margin was again aft cyclic, with 
approximately 15% remaining in left sideward flight of greater than 20 knots when the 
CG is at the forward limit.  If right sideward flight with an aft CG the cyclic never 
approaches closer than 25% of the forward limit.  In sideward flight, the airspeed 
influence on longitudinal cyclic is roughly equivalent to the CG influence with 
approximately 20% forward cyclic remaining in right sideward flight at 35 knots with the 
CG at the aft limit.  A review of SH-60B data from the SH-60B Helicopter Criteria For 
The Device 2F135 Operational Flight Trainer (RW-2R-82, 1982, pg 90) indicates 
maximum longitudinal cyclic displacement occurs with winds not forward/aft or 
sideward, but at roughly 030° and 300° relative to the aircraft.  The author designed a test 
aboard LHA class ships that specifically evaluated aft cyclic margin at forward CG using 
a UH-60A with instrumented cyclic position.  Although the aft cyclic limit was 
approached, a 10% margin was maintained with good correlation between shipboard and 
land based control positions (OSD/JSHIP-TRPT-D2-C-09/2003, 2003, pg. 7).  
Lateral Control Margin 
By studying the lateral cyclic control position necessary for trimmed sideward 
flight (Catoire et al., 2003, pg. D-46), it becomes apparent that more right cyclic is 
required for increasing right velocity and increasing left cyclic is required for increasing 
left velocity, the expected relationship for a stable helicopter.  The left cyclic margin is 
not approached with over 40% remaining for all conditions while the right margin can 
approach 10% remaining with a left lateral CG and greater than 25 knots of right cross 
wind.  Unlike longitudinal cyclic, CG has a relatively small influence on lateral cyclic 
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position primarily due to the smaller allowable range of 12 inches for lateral CG vice the 
25 inch range for some H-60 variants.   
Similar to longitudinal cyclic, lateral cyclic shows signs of control coupling with 
lateral cyclic actually having greater relationship with forward/aft airspeed than 
longitudinal cyclic.  Increasing left cyclic is required for increasing forward velocity and 
increasing right cyclic is required increasing rearward velocity.  For lateral cyclic, 
however, this coupling does not result in the encroachment of control margins for 
airspeeds that can be expected aboard ship.  Right cyclic never approaches closer than 
40% of the limit and 30% of left cyclic margin is retained with 15 knots of tailwind.  As 
with longitudinal cyclic, A review of SH-60B data indicates maximum lateral cyclic 
displacement occurs with winds not forward/aft or sidewards but at roughly the 120° and 
300° azimuths relative to the aircraft (RW-63R-90, 1991, pg 54).  At 300° a significant 
left cyclic margin is still retained but, at the 120° azimuth the right cyclic margin can be 
approached with a heavy GW and left/aft CG. 
Directional Control Margin 
General 
Evaluation of the directional control margin is typically done by measurement of 
the pedal control.  This method was used with the H-60 until 1995 when testing aboard 
USS ANZIO (CG 68), with and instrumented aircraft, revealed a tendency for tail rotor 
blade angle to approach maximum pitch prior to approaching pedal limitations (Petz, 
1999).  The H-60 exhibits this characteristic because of the mixing unit and directional 
control design.  The tail rotor blade pitch is a function of the pedal position, collective 
position, and yaw SAS input. 
Pedal Margin  
Maximum pedal travel is a function of collective.  As depicted in Figure A-20 
The amount of right pedal that can be used decreases at minimum collective and the 
amount of left pedal that can be used also decreases with maximum collective.  The 
mixing unit sums the pedal and collective inputs to create the collective tail rotor blade 
pitch input (Figure A-21).  Pedal input is transmitted with a gain of one and collective is 
added with a gain of approximately ½.  Since blade pitch is accomplished by twisting at 
the root, the amount of blade pitch impressed at the root is referred to as Tail Rotor 
Impressed Pitch (TRIP).  If one looks separately at the TRIP and pedal envelopes it 
would appear that the limited left pedal available at high collective settings is the 
manifestation of hitting the tail rotor blade limit.  When the two envelopes are overlaid, it 
becomes obvious that the mixing unit will allow additional pedal movement after 
maximum TRIP has been commanded (Figure A-20).  The mechanical characteristics of 
the mixing unit are such that maximum blade pitch is not fed back to the pilot.  As 
depicted in Figure A-20, a direction control limit can be reached before a pedal limit is 
encountered, with no cockpit indication.  Since yaw SAS has a 10% authority, it is also 
possible for the directional control limit to be reached with less collective and pedal 
applied.  It is these directional control characteristics of the H-60 that make tail rotor 
impressed pitch the only true measure of directional control authority.   
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Blade Angle Margin 
Since pedal margin is not a reliable indication of directional control authority, 
blade angle margin is used for the H-60 aircraft.  The H-60 tail rotor is hinge-less, with 
blade pitch controlled collectively for all four tail rotor blades.  Measuring the TRIP 
margin requires special instrumentation since it is a function of pedal, collective, and yaw 
SAS and is not perceivable by the pilot.   
Directional control margin (TRIP margin) is affected by aircraft loading and flight 
condition.  The positive (left) stop is approached when tail rotor thrust is maximized; 
while the negative (right) stop is approached when tail rotor thrust is minimized.  The 
coefficient of thrust for the tail rotor (CtTR) is linearly related to the coefficient of thrust 
of the main rotor (CtMR) (Finnested, Connor, Laing, & Buss, 1970, pg. 80), a relationship 
that is intuitively supported by the fact that the tail rotor is primarily designed to 
counteract main rotor torque.  The coefficient of thrust of a rotor is defined in terms of 
the rotor thrust (T), air density (ρ), disk area (AD), rotor speed (Ω), and rotor radius (R) 
2)( RA
TC
D
t Ω≡ ρ . 
Since CtTR is linearly related to CtMR, the relationship can be expressed as: 
CtTR = K1CtMR + K2 
where K1 and K2 are constants.  Substituting GW for TMR for constant velocity trimmed 
flight, combining the disk area (AD), rotor speed (Ω), and rotor radius (R) with constants 
K1 and K2, and multiplying through by standard sea level density (ρssl) to convert density 
to density ratio (σ), it is possible to show that thrust of the tail rotor (TTR) is linearly 
related to GW/σ as follows: 
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combining constants and substituting for the definition of 
sslρ
ρσ ≡ results in: 
43 KGWKTTR += σ . 
In trimmed (constant velocity) flight the effective angle of attack of the tail rotor 
(αTR) is directly related to the blade angle impressed at the root or TRIP.  For small 
changes in αTR it reasonable to assume a linear relationship for tail rotor thrust to blade 
angle of attack where: 
)(65 TRIPKKT TRTR == α . 
By solving and combining constants it is demonstrated how TRIP is linearly dependent 
on GW/σ by:  
87 KGWKTRIP += σ . 
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The constants K7 and K8 have been empirically determined for the H-60 and are 
influenced by secondary effects from main-rotor down-wash interaction with the tail 
boom (SH-60B Loads Survey, 1989, pg. 10).  The relationship is maximized with 
approximately 20 knots of right crosswind from the 075° azimuth relative to the aircraft.   
Directional control margin (TRIP margin) is also affected by sideward velocity 
(v).  By ignoring the secondary effects from main-rotor down-wash interaction with the 
tail boom and assuming the affects on yaw moment (N) due to the vertical fin are 
negligible in the low airspeed environment, it is possible to develop a relationship for 
TRIP with sideward velocity.  By assuming the tail rotor thrust requirements for trimmed 
flight are independent of sideward velocity, a relationship for the change in TRIP 
required to maintain a constant tail rotor thrust given a change in sideward velocity can 
be developed (Figure A-22). 
)( TRTR R
vTRIP Ω
∆=∆  
Solving for the H-60 where ΩTR is 124.6 radians/sec and rotor radius RTR is 5 ft 6 
in (Catoire et al., 2003, pg. D-42) and converting to the units of degrees and knots the 
simplified H-60 relationship becomes:  
))()(/(14.0)( KnotsvKnotDegreesDegreesTRIP ∆=∆  
The author has compared the TRIP relationships for GW/σ and sideward velocity 
presented here to shipboard data and found that the TRIP relationship for GW/σ holds up 
quite well aboard ship but the sideward velocity relationship is conservative and 
empirically closer to (H-60 Tail Rotor Impressed Pitch Margin, 2004): 
))()(/(09.0)( KnotsvKnotDegreesDegreesTRIP ∆=∆  
Regardless, TRIP is linearly related to GW/σ and sideward velocity.   
Based on the aforementioned TRIP relationships, minimum left TRIP margin 
should correspond to high GW with relative wind from approximately 075° and 
minimum right TRIP margin should correspond to low GW with port winds.  Review of 
the low airspeed trimmed flight control positions for sideward flight (Catoire et al., 2003, 
pg. D-46), reveals that the left TRIP margin has a local minimum at approximately 20 
knots.  It also reveals that forward CG results in a slight reduction of left TRIP margin 
due to the increase in tail rotor thrust required to maintain equilibrium with the shorter 
tail rotor moment arm associated with the forward CG. 
Effects on Power Margin 
The amount of excess power or “power margin” available to the pilot can affect 
the workload during a shipboard landing or takeoff and has a direct relation ship to 
increasing the DIPES (Figure A-11) rating.  If the power available7 is more than 10% 
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above that required for a launch or recovery, pilots do not typically mind, but when the 
power required is within 10% of the power available, workload can increase.  The 
constant monitoring of power required to avoid exceeding a limit can increase mental 
workload during the launch or recovery task when the power margin is small (H-60 
Performance in the Shipboard Environment, 2004).  Presenting a thorough analysis of 
shipboard power margin is difficult and would increase the scope of this paper 
unnecessarily.  Fortunately, the effects of CG and GW on power margin were presented 
by the author in a brief to the Program Executive Office Multi Mission Helicopters PMA 
299.  The effects of CG on power margin are negligible and power margin is proportional 
to GW and air density ratio (σ).  The relationship can be further simplified to a function 
of only one term, GW/σ (H-60 Performance in the Shipboard Environment, 2004).   
Power available depends on the maximum rating of the transmission and ability of 
the maximum output of the engines for the ambient conditions being flown (temperature 
pressure, and density).  Power required is also dependent on GW and air density.  Land 
based H-60 power required is maximized in an out of ground effect hover with a slight 
right cross wind (TM-1-1520-237-10, 1994, pg. 7-11) and decreases rapidly to a local 
minimum around 50 KIAS.  Aboard ship the maximum power required may not occur at 
the same low wind “hover” conditions as it does on land, instead the ship airwake may 
create down drafts.  These down drafts require the aircraft to climb relative to the air 
mass to maintain a constant altitude over the ship flight deck.  This generally happens 
with relative headwinds aboard ships that have a large superstructure immediately 
forward of the landing area (Shipboard Power Required, 2004).  Maximum power 
required may also occur under the same conditions that require maximum tail rotor thrust 
(minimum directional control margin), due to the increased power requirements of the 
tail rotor.   Regardless of where the maximum occurs aboard ship for a given density 
altitude (σ), power margin decreases with increasing GW.  Depending on the location of 
a shipboard flight test, or the time of year in which it is conducted, the air density ratio 
(σ) may produce a 10% power margin even at maximum gross.  It is also possible for 
conditions tested at a lower GW on a different day, to suffer from a smaller power margin 
due to a lower σ and corresponding increase in GW/σ.  
Effects on Shipboard Handling Qualities 
The effects GW and CG have on shipboard handling qualities or DIPES rating are 
typically ignored (an assumption that is backed up by land based data under most 
circumstances).  There are, however, a few situations when either GW or CG can have an 
effect on handling qualities and a subsequent effect on shipboard DIPES rating.  Testing 
with CH-53E helicopters at both high and low gross weights aboard LHD 1 revealed an 
increase in PRS8 (DIPES) rating for the lighter GW. The larger mass and moments of 
inertia at high gross weight had a damping effect that resulted in improved handling 
qualities over the light GW configuration that was more susceptible to ship generated 
turbulence and more easily over controlled (Heinle, R. et al., 1988, pg. 2).  Shipboard 
H-60 testing aboard CG 47 class ships revealed unacceptable handling qualities above 
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22,500 lb.  Repeated testing since 1996 has confirmed the limit of 22,500 aboard CG 47 
class ships under both high and low density altitude conditions indicating it is truly a GW 
phenomenon and not a GW/σ relationship like power margin or directional control 
margin.  Testing aboard other ship classes has also confirmed that the phenomenon does 
not manifest itself below 22,500 lb.  Left lateral CG can also result in degraded handling 
qualities.  SH-60B test aboard single-spot ships evaluated maximum left lateral CG with 
a Penguin missile and MK 50 torpedo loaded on the left stores station.  This 
configuration degraded handling qualities and the test report recommend “future SH-60B 
envelope expansion efforts utilize or at least address the Penguin/MK 50 port stores 
loading configuration as a worst case handling qualities configuration” (Fitch, 1993, pg 
18).  As a result of the increased left wing down attitude with left lateral CG, the 
degradation in handling qualities was greatest in port winds.  Asymmetric stores loading 
is possible with the H-60 and the recommendation to conduct DI tests with a left lateral 
CG has been repeated again following Hellfire missile testing (NAWCADPAX-99-100-
RTR, 2000, pg. 23).  
Effects on Field of View 
A review of the low airspeed data presented in Catoire et al., 2003, pg. D-44 
reveals that hover pitch attitude is directly related to longitudinal CG ranging from 0° at 
the forward limit and up to 7° nose up at the aft limit.  Pitch attitude is also not 
significantly affected by forward/aft airspeed, with only a 1° to 2° spread in the data a 
given CG.  The H-60 has a poor over the nose field of view that was originally 
documented with the SH-60B (RW-208A, 1983) and has not improved with the newest 
MH-60S (RW-3A, 2001). When the poor over the nose field of view is coupled with a 
large nose up attitude it can have a significant impact on the workload required to 
conduct a shipboard landing. Night UH-60A testing aboard LHD 2 was conducted with a 
forward CG and the buildup Deck Landing Qualifications (DLQ) were conducted with a 
different UH-60A that was not loaded with test ballast and had an aft CG that was on the 
aft limit with full fuel.  Test pilots indicated, “tested night operations (with a forward cg) 
were significantly easier and benefited from the more level cabin attitude compared to 
DLQs conducted with and aft CG” (OSD/JSHIP-TRPT-D2-C-09/2003, 2003, pg D-11). 
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CHAPTER III 
DEVELOPMENT OF NEW SHIPBOARD TEST 
TECHNIQUES 
General  
The current method of Dynamic Interface testing controls only the relative wind 
over deck and does not typically attempt to control aircraft center of gravity, external 
configuration, or gross weight.  Occasionally, GW is controlled but that has historically 
only been for CH-53E aircraft or H-60 aircraft during dedicated gross weight expansion 
tests where the aircraft was refueled after every recovery, a practice that reduced test 
productivity by a factor of four.  Chapter II presented relationships for how CG and GW 
affect control margins (longitudinal, lateral, and directional), power margin, handling 
qualities, and field of view.  By using these relationships, it becomes possible to tailor 
test progression to target specific critical combinations of GW and CG at specific wind 
conditions that will result in evaluating the most extreme situation.  At first this would 
seem like an additional burden with the potential to further decrease test efficiency, but 
the natural tendency for H-60 longitudinal CG to migrate forward as GW decreases as a 
result of fuel burn will enable the proposed methods to be implemented with little 
increase in test number of test points required.  By testing the most extreme situations it 
may even be possible to increase test efficiency by reducing the amount of test points that 
must be reevaluated when a new loading configuration is authorized. 
Controlling Longitudinal CG 
Since the main fuel cells of the H-60 are mounted behind the cabin aft of the aft 
CG limit for all H-60 variants, it is possible to use fuel burn to control longitudinal CG.  
Other methods of moving the longitudinal CG incorporate transferring auxiliary fuel or 
adding/removing weight through the addition or removal of external stores or cargo.  If a 
configuration can be identified that only uses fuel burn to evaluate the forward and aft 
CG limits, it is preferable since it requires less time to reconfigure.  One such 
configuration that works well for the UH-60A/L involves loading external fuel tanks.  
The aircraft can be loaded to maximum GW at a mid longitudinal CG.  As fuel burns out 
of the main tanks the CG will move all the way to the forward limit as long as automatic 
fuel transfer is turned off.  Once the main fuel cells reach the minimum safe level, fuel 
can be transferred from the auxiliary tanks to evaluate the aft CG limit, which is not 
authorized at high GW.  This is just one example of how the longitudinal CG can be 
controlled; there are many other methods that can be tailored to the other H-60 variants. 
Testing many different longitudinal CG configurations is good, but by using the 
knowledge of how CG affects control margins it is possible to target a particular 
longitudinal CG for the specific wind conditions that may result in less than a 10% 
margin.  In chapter II, it was shown that the aft cyclic margin would be the smallest with 
a forward CG when the winds are from approximately 300 degrees.  Therefore, testing 
with winds to port should be done with a forward CG.  It was also shown that directional 
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control margin was the smallest with an aft CG when the winds are approximately 070 
degrees relative to the aircraft.  Therefore, starboard winds should be tested with an aft 
CG.  Because aft CG also degrades forward field of view, night testing should be done 
with an aft CG as well.   
Controlling Lateral CG 
Lateral CG is controlled by asymmetric loading of the aircraft.  Left lateral CG 
only has a significant effect on lateral cyclic margin with a right cross wind.  It was also 
discussed in chapter II how left lateral CG can decrease handling qualities.  Since right 
lateral CG does not have any significant affects, lateral CG should be set left, to the 
maximum achievable, for starboard winds.   A left lateral CG can easily be achieved on 
the SH-60B, SH-60F, HH-60H, and HH-60J by loading stores or fuel on the left hand 
extended pylon.  It is more difficult, but still possible with other variants. 
Controlling Gross Weight 
In the past, gross weight has received a lot of attention during H-60 shipboard 
test, particularly high gross weight, because it degrades handling qualities and decreases 
directional control margin.  Since shipboard testing aboard CG 47 class ships first 
revealed unacceptable handling qualities above 22,500 lb, too much attention has been 
placed on GW.  Some tests have required every landing to be conducted at maximum 
GW even for SH-60F and HH-60H aircraft that are not authorized to exceed 21,884 lb.  
Additional H-60 testing aboard CG 47 class ships and other ship types has confirmed that 
the degradation in handling qualities does not manifest itself below 22,500 lb.  Therefore, 
H-60 DI tests would be better served by testing at the most critical vice maximum GW 
for a particular WOD condition.  Testing every landing at maximum gross weight is good 
for evaluating power margins and left directional control margin but does not allow for 
evaluation of right directional control margin or other potential limiting conditions that 
may result form an aft or forward CG.   
Directional control margin is affected by GW/σ and since the air density ratio (σ) 
is fairly constant for the duration of an at sea test period, GW can be used as the control 
variable.  Gross weight should be maximized for low wind speed conditions and for 
headwind conditions to evaluate power margin problems, especially for ships with a 
significant superstructure forward of the landing spot.  Gross weight should also be high 
with starboard winds around the 070° azimuth and minimized for port winds to evaluate 
left and right directional control limits respectively.  Testing at maximum GW may, 
however, be of little benefit for evaluating left directional control margin or power 
margin in certain global locations where the temperature at sea level is cold enough to 
decrease the GW/σ below the point at which it is reasonable to encounter a left 
directional control margin or power margin. 
Planning Wind over Deck Progression  
This thesis has discussed how CG and GW have an effect on control margins, 
power margins, handling qualities and field of view during a shipboard launch or 
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recovery task.  This is useful academic information, but a game plan must be created that 
allows implementation of these relationships in an efficient test progression.  Fortunately, 
with very little impact on test efficiency, CG and GW can be controlled to maximize the 
benefit from a limited number of costly at sea test opportunities by way of the following 
steps:   
Step One.  Load the H-60 to maximum GW with an extreme left lateral CG.  It is 
relatively easy to achieve a mid to aft longitudinal CG at this loading configuration.  The 
full fuel configuration should be set to maximum GW with a mid to aft longitudinal CG, 
while still allowing for the most forward CG to be achieved at minimum fuel. For safe 
test buildup, initial wind over deck conditions must be set to low velocities then gradually 
expanded to higher velocities.  If a zero wind condition is tested first, followed by 
increasing headwind conditions, any power margin affects can quickly be identified.  As 
fuel burns off, the CG will move forward and the wind can be varied to starboard, up to 
approximately 050 degrees.  Testing can continue then to port while attempting to target 
winds around the 300° azimuth as the minimum fuel load is approached.  This will 
evaluate any longitudinal cyclic margins at the maximum achievable forward CG.  
Fueling a few hundred pounds will enable testing to continue to port winds from the 300° 
to 270° azimuth to evaluate worst case handling qualities.   
Step Two.  Alter the loading configuration such that full fuel results in a CG that 
is at the aft limit corresponding to maximum GW.  This can be performed efficiently 
during the necessary refuel, an evolution that requires approximately 20 minutes.  If 
starboard wind progression evaluated winds within 15° of the 070° azimuth relative to the 
aircraft, those conditions should be set up during the refuel and immediately evaluated at 
maximum achievable GW and aft CG to evaluate any potential directional control 
margins or lateral control margins.  Once completed, further testing with a left lateral CG 
is not necessarily required.  This allows for future configuration changes that evaluate 
minimum GW and low GW aft longitudinal CG configurations that are not achievable 
with the added weight of the asymmetrically loaded stores used to generate the left lateral 
CG.  Wind conditions can be further worked to starboard and around to the tail at 180° 
relative as fuel burns off.   
Step Three.  Remove any added weight at the next required refuel, to allow 
tailwinds evaluated at max aft CG9.  This will identify any field of view issues associated 
with the higher closure rates associated with tail winds.  The remaining starboard winds 
can be evaluated at progressively lighter GW as fuel burns off.  Starboard winds in the 
250° to 270° azimuth relative to the aircraft should be evaluated at minimum fuel to 
evaluate any right directional control margins. 
Step Four.  Night testing can be used to reevaluate day wind conditions under a 
different configuration provided tail winds and a majority of the night conditions are 
evaluated as close to the aft longitudinal CG limit as possible.   
This test progression does not increase the number of wind over deck conditions 
necessary to expand an operational launch and recovery envelope and it provides a 
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method of maximizing the usefulness of the data.  If not followed, the wind conditions 
tested and found to be acceptable may become unacceptable during fleet use when the 
CG and GW combine to create a configuration that is more critical than the one tested.  
The aft longitudinal cyclic margin of the H-60 is more susceptible to CG than WOD.  It is 
conceivable that night testing could be conducted entirely with a forward CG or that 
starboard winds could be tested light with a forward CG while port winds could be tested 
heavy with and aft CG.  This would result in the incorrect conclusion that directional 
control margins are adequate when in reality they may not be acceptable at the most 
extreme conditions. Alternate test progression methods will work and the targeted wind 
directions presented in this thesis will need to be modified for ships with an oblique 
approach.  Other test progressions should attempt to mimic the process diagram presented 
in Figure A-23 and should attempt to evaluate the critical relative wind, GW, and CG 
combinations presented in Table 1. 
 
Table 1: Critical H-60 GW and CG Combinations 
Center of Gravity 
Relative Wind Over 
Deck 
Limiting Condition Longitudinal Lateral 
Gross 
Weight 
Speed 
(Knots) 
Direction 
(Degrees) 
<5 Any 
Minimum power margin Any Any Maximum 
0- Maximum +/- 15° off ship bow 
Minimum aft cyclic margin Forward limit Any Any Maximum 
+/-15° of 300° 
relative to 
aircraft 
Worst handling qualities > 22,500 lb Any Left limit >22,500 lb All All 
Worst handling qualities <22,500 lb Any Left limit Any Maximum 
+/-15° of 270° 
relative to 
aircraft 
Minimum power margin 
Minimum left directional control margin Aft limit Left limit Maximum ~ 20 
+/-15° of 075° 
relative to 
aircraft 
Minimum right cyclic margin Aft limit Left limit Maximum Maximum 
+/-15° of 120° 
relative to 
aircraft 
Worst field of view Aft limit Any Any Maximum 090°-270° 
Minimum right directional control margin Any Any Minimum Maximum 
+/-15° of 250° 
relative to 
aircraft 
Minimum forward cyclic margin MARGIN SHOULD NOT BE APPROACHED ABOARD SHIP 
Minimum left cyclic margin MARGIN SHOULD NOT BE APPROACHED ABOARD SHIP 
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CHAPTER IV 
CONCLUSIONS 
Conclusions  
Shipboard operations are more difficult than land based operations and must be 
conducted within defined wind over deck and ship motion conditions defined in a launch 
and recovery envelope.  This envelop is unique for each helicopter and ship type and 
must also be defined for every landing spot aboard a particular ship class.  The only 
currently approved method for developing a safe shipboard launch and recovery envelope 
validate the ship motion and wind over deck limits through Dynamic Interface flight test, 
a time consuming and costly method.  
Historically the configuration of a helicopter has not been rigorously controlled 
during a Dynamic Interface test.  Due to recent increases in the gross weight and center 
of gravity envelope of the U.S. Navy’s newest variant of the Sikorsky H-60, control 
margins are smaller and becoming increasingly more critical as the aircraft is cleared to 
operate in this larger gross weight and center of gravity envelope.  Although this 
approach has been successful in the past, it does not guarantee testing of the worst-case 
conditions and may result in the incorrect conclusion that a given wind over deck 
condition is safe when in reality it will result in insufficient control authority aboard ship.   
This paper investigated the methods used to develop shipboard launch and 
recovery envelopes.  It also investigated how aircraft gross weight and center of gravity 
affects control margins (longitudinal, lateral, and directional), power margin, handling 
qualities, and field of view.  By reviewing the low airspeed characteristics of the H-60 
helicopter relationships were identified for how aircraft loading affected control margins.  
Finally from these relationships a method was proposed that controls gross weight and 
center of gravity during a shipboard test to evaluate the most extreme conditions possible 
without significantly increasing test requirements.  In the authors opinion the methods 
presented in this thesis for controlling gross weight and center of gravity should be used 
in future H-60 shipboard flight test and that they should be included in the next revision 
of the Dynamic Interface Flight Test Manual.  Future efforts should continue this 
investigation on other aircraft types to develop similar tests methods that can be 
efficiently used to test worst case shipboard conditions by controlling gross weight and 
center of gravity.  
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Figure A-1. First Shipboard Helicopter LandingXR-4 aboard SS Bunker Hill, 1943. 
Source: US Naval Archives 
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Figure A-2. Typical Recovery Circle. 
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Figure A-3. Typical Crows Foot Landing Spot. 
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Figure A-4. Approach View of Small Ship. 
Source: US Naval Photo. Artificially colored to accent flight deck markings. 
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Figure A-5. Approach View of Large Ship. 
Source: US Naval Photo. Artificially colored to accent flight deck markings. 
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Figure A-6. UCEs Developed for Various Simulated Ship Class/Spot Combinations. 
Data Source: Williams, 1997 
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Figure A-7. JSHIP UCE Results Aboard USS PELELIU (LHA 5). 
Data Source: Gary, 2001, pg. E-11 
 32 
  
 
 
Figure A-8. General Launch and Recovery Envelope for Aviation Capable Ships. 
Data Source: JP 3-04.1, 1997, pg C-3 
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Figure A-9. General Launch and Recovery Envelope for Large Ships. 
Data Source: JP 3-04.1, 1997, pg C-4 
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Figure A-10. Hypothetical Expanded Launch and Recovery Envelopes. 
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Figure A-11. Deck Interface Pilot Effort Scale. 
Source: TTCP DI Workshop, 2000. 
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Figure A-12. Cooper-Harper Handling Qualities Rating (HQR) Scale. 
Source: ADS-33E, 2000, pg. 73. 
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Figure A-13. Typical Dynamic Interface Test Progression. 
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Figure A-14. First H-60 Landing aboard FF 1080, 1976. 
Source: US Naval Photo, 1976. 
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Figure A-15. H-60 Lineage Through 2005. 
Source: H-60 Lineage, 1988. 
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Figure A-16. Dimensional Drawing of UH-60A. 
Source: TM-1-1520-237-10, 1994, pg. 2-5.
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Notes:  
1) Pitch Bias Actuator (PBA) not installed in all H-60 aircraft 
2) Analog SAS2 replaces DAFCS computer on some models 
3) Collective trim and collective inner loop servo not installed with Analog SAS 2 
Figure A-17. H-60 Flight Control Components. 
Source: Catoire et al., 2003, pg. E-13. 
 42 
  
C
ol
le
ct
iv
e
%
 F
ro
m
 F
ul
l D
ow
n
D
N
   
   
   
   
   
   
   
   
   
   
U
P
 
R
ol
l A
tti
tu
de
D
eg
LT
   
   
   
   
   
   
   
   
R
T
Right CG 
Left CG 
Maximum left wing down
Pi
tc
h 
A
tt
itu
de
D
eg
D
N
   
   
   
   
   
   
   
 U
P
Maximum nose up fairly independent 
of sideward velocity Aft CG 
Forward CG 
High GW/σ 
Low GW/σ 
Pe
da
l
%
 F
ro
m
 F
ul
l L
ef
t
LT
   
   
   
   
   
   
   
   
   
   
 R
T
Low GW/σ 
Aft CG 
High GW/σ 
Forward CG 
L
at
er
al
 C
yc
lic
%
 F
ro
m
 F
ul
l L
ef
t
LT
   
   
   
   
   
   
   
   
   
   
   
 R
T
Minimum right cyclic margin
Left CG 
Aft CG 
Right CG 
Forward CG 
Left cyclic margin not approached 
2D Graph 2
Minimum aft cyclic margin 
LT                                                                                      True Airspeed                                                                                  RT
L
on
gi
tu
di
na
l C
yc
lic
%
 F
ro
m
 F
ul
l F
w
d
FW
D
   
   
   
   
   
   
   
   
   
A
FT
Forward CG 
Aft CG 
Forward cyclic margin not approached
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helicopters will move the blade angle mechanical stops to the left 1.5° and 3° 
respectively. 
 
Figure A-21. H-60 Tail Rotor Impressed Pitch (TRIP) Envelope. 
Source: High Altitude Flight Evaluation, 1989. 
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C ....................................... Mean Aerodynamic Chord 
croot.................................... Chord Line of Blade Root 
R ....................................... Rotor Radius 
T ....................................... Thrust 
TR..................................... Tail Rotor 
TRIP ................................. Tail Rotor Impressed Pitch 
∆TRIP............................... Change in Tail Rotor Impressed Pitch 
v........................................ Sideward Velocity 
vi ....................................... Thrust Induced Velocity 
∆v ..................................... Change in Sideward Velocity 
Θ....................................... Mean Aerodynamic Chord Blade Angle 
Ω....................................... Rotor Speed 
α ....................................... Angle of Attack 
 
 A corresponding change in Tail Rotor Impressed Pitch (∆TRIP) must be made to 
keep tail rotor thrust (TTR) constant given a change in sideward velocity (∆v): 



Ω
∆=∆
)(
arctan
TRTRR
vTRIP  
 
By applying a small angle approximation:   ( ) αα ≅arctan  
 
Results in a relationship for the change in TRIP required for a change in sideward 
velocity: 
)( TRTR R
vTRIP Ω
∆=∆  
 
Figure A-22. Tail Rotor Blade Element. 
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Figure A-23. Improved H-60 DI Test Progression. 
 
 48 
  
 49 
VITA 
Sean Thomas Collier was born in Teaneck, NJ on April 1 1971.  He was raised in 
Hollywood, MD where he completed primary education at St. John’s School.  In 1989 he 
graduated from St. Mary’s Ryken High School, Leonardtown MD.  From there, he went 
to the Virginia Polytechnic Institute and State University and received a B.A. in 
aerospace engineering in 1994.  Mr. Collier began his career in 1990 by accepting a co-
operative position with the Naval Air Test Center, Patuxent River MD were he was 
assigned to the Dynamic Interface department. Mr. Collier graduated from the United 
States Naval Test Pilot School (rotary wing curriculum) in 1998 as a member of class 115 
and upon graduation was assigned Deputy Technical Director of the Joint Shipboard 
Helicopter Integrations Process (JSHIP), Joint Test and Evaluation (JT&E ) Program.  He 
is currently a senior flight test engineer with the Ship Suitability Branch of the Naval Air 
Warfare Center Aircraft Division, Patuxent River MD. 
Mr. Collier has participated in over 35 at sea Dynamic Interface tests of which he 
was lead test engineer for 15.  Tests have involved every class of ship currently 
authorized to operate helicopters, including one US Coast Guard vessel.  During his 
tenure he has tested variant of rotorcraft and tilt-rotor in the US Naval inventory 
including virtually every variant of the H-60 aircraft including US Coast Guard, US Air 
Force and US Army variants.   
